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ABSTRACT: While a high efficiency of contaminant removal
by nanoscale zerovalent iron (nZVI) has often been reported
for several contaminants of great concern, including aqueous
arsenic species, the transformations and translocation of
contaminants at and within the nanoparticles are not clearly
understood. By analysis using in situ time-dependent X-ray
absorption spectroscopy (XAS) of the arsenic core level for
nZVI in anoxic As(III) solutions, we have observed that
As(III) species underwent two stages of transformation upon
adsorption at the nZVI surface. The first stage corresponds to
breaking of As—O bonds at the particle surface, and the second
stage involves further reduction and diffusion of arsenic across
the thin oxide layer enclosing the nanoparticles, which results
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in arsenic forming an intermetallic phase with the Fe(0) core. Extended X-ray absorption fine-structure (EXAFS) data from
experiments conducted at different iron/arsenic ratios indicate that the reduced arsenic species tend to be enriched at the surface
of the Fe(0) core region and had limited mobility into the interior of the metal core within the experimental time frame (up to 22
h). Therefore, there was an accumulation of partially reduced arsenic at the Fe(0)/oxide interface when a relatively large arsenic
content was present in the solid phase. These results illuminate the role of intraparticle diffusion and reduction in affecting the
chemical state and spatial distribution of arsenic in nZVI materials.

B INTRODUCTION

The occurrence of arsenic in groundwater at elevated
concentrations across diverse geographical regions is a public
health issue of great concern, particularly in semiarid or arid
areas and regions with contaminated surface waters, where
groundwater is an important source of drinking water.'”
Arsenic is present in many naturally occurring minerals,
including iron oxides and sulfide-containing minerals, in
oxidation states ranging from —3 to +5.% The dissolved
forms of arsenic in water are predominantly the trivalent
arsenite (As(II1)) and pentavalent arsenate (As(V)) oxyanions.
As(V) is the prevalent form in aerobic water, while As(III) is a
significant species in subsurface environments including
groundwater and aquifer sediments.”> Redox transformations
between As(III) and As(V) in the natural environment are
considered to be closely tied to the redox cycling of iron and
sulfur species via both biotic and abiotic pathways.*"® Both
forms of arsenic have strong affinity for iron oxide surfaces
under circumneutral pH.”® The molecular-level structures of
inner-sphere complexes formed between arsenic and a variety
of iron oxide surfaces have been elucidated using vibrational
and X-ray absorption spectroscopic techniques.” ' Their
strong interactions have led to the development of many iron
oxide-amended sorbent materials suitable for aqueous arsenic
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removal in small-scale, household-based treatment units, which
are attractive alternatives to centralized water treatment
facilities.">"*

Recent studies demonstrate that zerovalent iron (ZVI), in
particular nanoscale zerovalent iron (nZVI), can retain a high
level of As(Ill) and As(V) under laboratory and field
conditions."> " Effective arsenic removal is primarily attributed
to the adsorption of arsenic onto the passivating oxide layer of
ZVI materials'>'® or coprecipitation with dissolved iron under
high arsenic loadings.”"** On-going corrosion of ZVI in water
supplies a continuous source of surface sites for arsenic
adsorption, which is considered a major advantage of ZVI
technology compared to conventional treatment using iron
oxides.'*1720 Although changes in arsenic valence state have
been observed during ZVI treatment, the reaction mechanisms
and the chemical forms in which arsenic is arrested are not
clearly understood. Recent studies reported that As(III) can be
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oxidized by reactive oxygen species generated from Fe(0)
corrosion in aerated water' ”>* or in the presence of Fe(II) and
goethite surfaces in anoxic conditions.>* While As(III)
reduction has been observed with nZVI in anoxic con-
ditions,”>*° it was not detected in systems using bulk-scale
ZVI powders.'>'¢ Since both the oxidation and reduction of
arsenic are considered to be surface-mediated processes, direct
spectroscopic analysis of the solid phase has provided insights
into arsenic speciation at the surface of iron media. Using X-ray
photoelectron spectroscopy (XPS), both As(IIl) oxidation and
reduction were observed at nZVI particle surfaces.”®
Furthermore, using a multiline analysis of the XPS data,
stratified distributions of different arsenic species in the
nanoparticles were resolved.”® Oxidized species (As(V)) was
observed to be predominantly at the outer surface of the oxide
shell, while reduced species were enriched in a subsurface layer
close to the Fe(0) core. In principle, the reduced arsenic may
segregate as a separate phase or interact with Fe(0) to form
iron—arsenic solid solutions or iron arsenide minerals such as
loellingite.”” > Identifying the nature of the embedded arsenic
requires techniques that are capable of probing the core or bulk
of the nanoparticles and generating data related to the local
bonding environment of arsenic. Although XPS is a powerful
tool to investigate the chemical state and near-surface depth
distribution of arsenic in nZV], it is commonly conducted in
ultrahigh vacuum and has a probing depth limited to ~10 nm
beneath the sample surface. Additionally, absolute quantifica-
tion of species distributed inhomogeneously throughout the
sampling depth is complicated by the fact that the photo-
electrons are attenuated to different extents with depth.*® To
overcome these limitations, synchrotron-based X-ray absorp-
tion spectroscopic analysis, ie., X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS), was applied in situ using a reaction cell
containing nZVI and aqueous As(IIl) solutions. This analysis
enabled us to examine the dynamic changes in the arsenic
chemical state over time in the reaction medium and to
investigate in detail the bonding environments of arsenic at and
within the nanoparticles under varying conditions. Results from
this present study have direct implications for the potential use
of nZVI for in situ groundwater remediation. These results may
also find relevance in natural systems where arsenic may be
present in multiple states in different forms of coexisting iron-
bearing solids.

B EXPERIMENTAL METHODS

Materials. Iron nanoparticles (nZVI) were synthesized from
ferric chloride using borohydride reduction as reported
previously.*"** The median size of the as-synthesized nano-
particles was approximately 60 nm as measured by transmission
electron microscopy (TEM) and acoustic spectrometry.”” The
As(III) stock solution was prepared from sodium arsenite
(NaAsO,, Fluka) in deoxygenated deionized water.

In Situ Reaction Samples. In situ XAS studies of reactions
between As(IlI) and nZVI were performed in a customized
reaction cell shown schematically in Figure 1. Details about the
construction of the cell are available in the Supporting
Information. Solutions containing As(III) and nZVI were
injected into the cell through two screw-sealed bore openings
on the top of the cell To prevent the nanoparticles from
settling out at the bottom of the cell during X-ray scans, the cell
was filled with a small amount of quartz wool. Anchoring of
nanoparticles on the quartz wool gives a characteristic black
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Figure 1. (a) Schematic of the experimental setup for in situ XAS
studies. Photographs of (b) a reaction cell filled with pure As(III)
solution and (c) supported nZVI in As(III) solution.

color as shown by the photographs in Figure 1. The constant
absorption edge step that was observed over the duration of the
experiment attests to the lack of detectable change in the
sample content probed by the X-ray beam as a function of time.
All experiments and cell preparations were performed in anoxic
conditions in a N, glovebox. A typical experiment was started
by mixing an appropriate amount of nZVI (2—S g/L) into an
aqueous As(IIl) solution (1.33 mM) in a glass vial. A small
aliquot (~1.5 mL) of the mixture was then loaded into the cell,
and the cell was packed in an airtight Ziploc bag and transferred
immediately into the X-ray analysis chamber for time-resolved
measurements. The mixture in the glass vial was allowed to
react for up to 22 h before the final products were analyzed.

X-ray Absorption Analysis. In situ X-ray absorption
measurements were performed at beamline X18B of the
National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The synchrotron ring was operated at 2.8
GeV and at currents between 150 and 300 mA. The reaction
cell was mounted onto a sample holder and placed in a N,-filled
chamber. Scans were performed at room temperature in
fluorescence mode at the arsenic K-edge (over the energy range
of 11717—13397 eV) and iron K-edge (6962—8352 eV). The
Si(111) double-crystal monochromator was detuned by 20% at
the arsenic K-edge and 30% at the iron K-edge, respectively.
Reagent grade sodium arsenate (Na,HAsO,7H,O, Fluka)
powder was used as an internal reference for the arsenic K-edge
measurements. For the iron K-edge, spectra were calibrated
with an iron foil reference sample.

Except for the pure As(III) solution, which was measured
with an argon-filled five-grid Lytle detector, arsenic signals in
samples containing nZVI were measured with a four-element
silicon-drift Vortex detector because of its improved signal-to-
noise level. For the Lytle detector, a germanium filter and Soller
slits were used to reduce Compton and elastic scattering from
the samples. XANES spectra were collected at a step size of 0.5
eV near the edge with an integration time of 0.5 s to allow real-
time monitoring of arsenic speciation at ~S5 min intervals.
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Figure 2. (a) TEM image of freshly made nZVI particles. (b) HAADF image of fresh nZVI showing a typical agglomerate consisting of a cluster of
Fe(0) nuclei encapsulated by a continuous layer of iron oxide. (c) - (d) TEM images of nZVI reacted with As(III) for 24 h. (e) XRD patterns from
the fresh and reacted nZVI materials. Fe” and Fh correspond to bec Fe(0) and ferrihydrite, respectively.

Valence states of arsenic were analyzed using linear
combination analysis (LCA) of the XANES spectra. Arsenic
and iron EXAFS data were fit by nonlinear least-square
methods using FEFF6 theory and the IFFEFIT software
package.” Processing of the raw data was done by aligning the
data in absolute energy, correcting for the pre-edge slope,
normalizing by the edge step, and averaging to minimize the
experimental errors for the steady-state regime. In previous
studies, As(Ill) oxidation induced by X-ray irradiation was
reported on powder samples.'” The effect of X-ray irradiation
on the As(IIl) solution used herein was estimated by taking
repeated scans of a pure As(IIl) solution sample during 3 h of
X-ray exposure. No appreciable change in the resultant spectra
was observed (Figure S1, SI). We also evaluated X-ray
irradiation effects on nZVI samples equilibrated with As(III).
The spectra collected show no systematic changes that would
suggest chemical changes due to beam exposure (Figure S2,
SI).

The microstructure of nZVI before and after immersion in
As(IIT) solution was characterized with bright field and high
angle annular dark field (HAADF) transmission electron
microscopy (TEM). Aqueous arsenic concentrations were
determined using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Details of the TEM characterization
and aqueous sample analysis are available in the Supporting
Information.

B RESULTS

Characterization of nZVI. Analysis of the arsenic
concentration in the solution phase indicates that nZVI at a
mass loading above 1 g/L (Figure S3a, SI) sequestered more
than 99% of the aqueous As(III) species. The rate of As(III)
removal was considerably high. With § g/L nZVI, only 0.1% of
the initial amount of aqueous As(IIl) remained in the solution
10 min after the onset of the experiment (Figure S1b, SI).
These results establish that nearly all aqueous As(IIl) was
captured by nZVI after the first 10 min, and the arsenic

concentration in the solid phase was effectively constant during
the ensuing period.

Figure 2a shows a transmission electron microscopy (TEM)
image of freshly synthesized nZVIL. The contrast between the
electron-dense Fe(0) phase and the less-dense oxide material is
evident in the high angle annular dark field (HAADF) image
(Figure 2b), which shows a typical nZVI agglomerate
comprised of a cluster of Fe(0) nuclei surrounded by a
continuous oxide coating that was 2—10 nm in thickness.
Independent XPS analysis of freshly made nZVI determined
that the average thickness of this oxide layer was 2.4 nm, and
high-resolution TEM characterization revealed a disordered
structure.>’ The grain size of the Fe(0) core, estimated from its
XRD pattern (Figure 2e) using the Scherrer equation, is ~1
nm. For nZVI particles reacted with an aqueous As(III)
solution for 24 h, there was no significant change in the core—
shell configuration (Figure 2c-d and additional images in Figure
S4, SI); however, the surface of the particles was decorated with
loose debris of iron oxidation products, which corresponds to
the growth of ferrihydrite shown in the XRD pattern (Figure
2e).

Arsenic Valence States in nZVI. To determine the valence
states of arsenic in the reacted products, arsenic K-edge XANES
spectra of reference arsenic compounds were collected, as
shown in Figure 3. The As(V) spectrum was obtained from
Na,HAsO,-7H,0 powder, but that of As(III) was measured
using an aqueous solution of NaAsO, in order to minimize
potential beam-induced As(III) oxidation that was observed
previously.'* Valence states of arsenic can be interpreted from
the positions of absorption peaks in the XANES region. As
shown in Figure 3, As(V) and As(III) exhibit absorption
maxima at 11874.2 and 11870.7 eV, respectively. The energy
shift of 3.5 eV between the two states is consistent with values
reported in previous studies.’**** In addition, Figure 3 shows
the elemental arsenic and arsenopyrite (FeAsS) data reported
by Langner et al.’® These XANES data were obtained at a
bending magnet beamline with the same energy resolution by
using the same Si(111) monochromator as in our work, thus it
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Figure 3. Arsenic K-edge XANES spectra of elemental arsenic
(As(0)), arsenopyrite (FeAsS), As(III), and As(V) reference
compounds and the products of As(III) (1.33 mM) reacted with a
low (2 g/L) and high dose (S g/L) of nZVI Spectra of FeAsS and
elemental arsenic are from Langner et al.

is directly comparable with the data presented here.
Furthermore, the X-ray energy scales of these spectra were
aligned with our data by matching the peak positions of the
As(III) compound from Langner et al® with our As(III)
reference.

In Figure 3 we provide the arsenic K-edge XANES spectra of
the products of As(IIl) reacted with 2 g/L nZVI (denoted as a
“low nZVI dose”) and S g/L nZVI (“high nZVI dose”) for 12
and 22 h, respectively. Time-dependent XANES data, discussed
in the next section, suggests that arsenic transformations
reached a quasi-steady state within the above time frames. The
main absorption peak of the high nZVI dose sample appeared
at a lower energy than those of elemental arsenic and FeAsS.
Thus, the high dose experiment resulted in arsenic with an
anionic character. This notion is supported by the lowering of
the white line intensity of the high nZVI dose sample compared
to the FeAsS and elemental arsenic data. A similar trend was
noted in the data from Grosvenor et al.”® showing that an
increased anionic character of As with decreased concentration
of P in FeAs,P, compounds corresponds to a reduction of the
white line in the arsenic K-edge XANES spectra. Since the
valence state of arsenic in FeAsS is —1,%° we propose the
valence state for arsenic in the high nZVI dose sample to be —1
or lower. We note that this is likely a more accurate assignment
than the previous notation of As(0), which was based on XPS
analysis of the binding energy shift between the reduced arsenic
and As(II1).>>?® The similarity between the local electronic and
atomic environments around arsenic in our sample and FeAsS
is also seen in the EXAFS data, as described further below.

In comparison to this high dose sample, arsenic captured
using a low dose of nZVI showed an absorption maximum at
1.7 eV higher energy. The chemical nature of these states was
further analyzed by using EXAFS.

Time-Dependent XANES Spectra. Dynamic transforma-
tion of arsenic in the presence of a low dose of nZVI was
directly monitored by collecting time-dependent XANES
spectra of the mixture in the reaction cell. Because of the
rapid removal of aqueous As(III) by nZVI observed in the
solution phase analysis, the spectra collected 5 min after the
initiation of the experiment reflect primarily the process of
arsenic transformation at the surface of nZVI. The time stamp
of each spectrum represents the start time of an XANES scan.

The scan frequency was approximately S min per scan during
the first one-half hour and 14 min after that. The resultant data
series shows distinct regimes during two time periods, the first
one spanning S to 141 min (Figure 4) and the second one

Final spectrum
24 at12h
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Normalized absorption coefficient
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0 . 11868 11872
11865 11870 11875 11880
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Figure 4. Time-resolved XANES spectra at the arsenic K-edge for the
low nZVI dose experiment (1.33 mM As(III), 2 g/L nZVI). Overlay of
the spectra collected during 5 to 141 min features an isosbestic point
indicative of a two-phase arsenic transformation during this first time
range. Inset: Overlay of the spectra collected during a second regime
(>141 min). In this time period a stable product was reached at 263
min and is characterized by a progressive translation of the curves to
lower energies, which indicates structural transformations different
from the isosbestic change in the first time period.

starting thereafter (Figure 4, inset). During the first period, the
presence of an isosbestic point, i.e,, an energy value where all
spectra intersect each other, is evident. This feature indicates
that during the first period there is a two-phase transformation
in which the starting (As(II)) species progressively transform
into an intermediate state. The presence of an intermediate
state is also supported by principal component analysis (PCA)
of the entire series of spectra. This method shows that the third
principal component is distinctly above the noise level (Figure
SS, SI), which corresponds to an intermediate state that is
spectroscopically different from the starting and final states.***”

Compared to the spectrum of an As(Ill) aqueous solution,
the first spectrum collected at 5 min shows a pronounced
decrease in the absorption maximum indicative of rapid transfer
of free As(Ill) ions to the solid phase.* There is also a
significant fraction of the arsenic intermediate species formed
by this time as evidenced by the peak broadening to lower
energy. Using the spectra at 5 and 141 min as references, the
fraction of arsenic converted at intermediate times relative to
the first time point (S min) can be found using linear
combination analysis (LCA). In this method, the first and last
spectra within this time range are linearly combined to fit the
intermediate data sets, where the mixing fraction is varied to
achieve the best fit. An example of such analysis is presented in
Figure S6a (SI). The high quality of the fit indicates this stage is
dominated by a simple conversion from the initial state, i.e.,
adsorbed surface-bound As(III), to an intermediate state. Other
spectra from the first regime were fit using the same procedure,
and the results are plotted in Figure S6b (SI). In accordance
with classic behavior giving rise to an isosbestic point, the curve
exhibits first-order kinetics, where the halflife (t,;,) of
conversion was estimated to be 40 min. This rate of
transformation is deemed more accurate compared to results
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Table 1. Best Fit Values for Coordination Numbers (N), Bond Lengths (R), and Their Mean Square Disorder Values (¢*) for a
Fresh nZVI Sample, As(V) Reference Compound, and As(III)-Treated nZVI Samples

sample energy coordination type N R (A) o (A?)
fresh nZVI Fe K-edge Fe—Fe 2.8 +£08 242 + 0.02 0.009 + 0.003
As(V) As K-edge As—O 4 (fixed) 1.69 + 0.04 0.003 + 0.001
As(III) with high nZVI dose As K-edge As—O - - -
As—Fe 28 £ 0.5 242 + 0.01 0.009 + 0.001
As(IIT) with low nZVI dose As K-edge As—0 09 + 0.7 1.78 + 0.04 0.006 + 0.012
As—Fe 32 + 1.6 2.50 + 0.03 0.014 + 0.005

we obtained previously using XPS, in which a limited number
of time-dependent XPS data sets indicated that reduction of
As(III) occurred on a time scale of hours.”®

During the second stage (>141 min), the spectra exhibited
little change in the white line maxima. Instead, there was a
gradual but noticeable shift of the curves to lower energies
(Figure 4, inset) without isosbestic points. Comparing this
series of spectra with the final spectrum at 12 h in Figure 3
indicates that stable products were established by 263 min.
There were no appreciable changes in the spectra beyond this
time.

Iron EXAFS Analysis. EXAFS analysis of a fresh nZVI
sample found that iron in the nanoparticles was considerably
more disordered than in a reference iron foil sample. The
Fourier transform of the iron K-edge EXAFS data of the
reference sample was identical to that of bec iron (Figure S7).
In comparison, the first (and only) coordination shell of iron in
the fresh nZVI sample appears to be at a shorter distance with a
much reduced coordination number. Atomic coordinates of bcc
iron were used in the FEFF6 program to generate a theoretical
EXAFS signal in order to fit the experimental data. The detailed
bonding environment was determined by minimizing the
residuals between the experimental data and the theoretical
EXAFS spectrum, in which the following variables were
adjusted to get the best fit: the coordination number (N),
the average bond length (R), and the relative mean square
displacement (0% the EXAFS Debye—Waller factor) of the
nearest neighboring shell. The EXAFS data of nZVI is best fit
with an Fe—Fe coordination number (N) of 2.8 &+ 0.8 and a
bond length (R) of 2.42 A (Table 1). The absence of higher
order shells and the small coordination number (compared to
the bulk value of 8) both appear to be caused by the strongly
disordered and low dimensional metal core. This is consistent
with XRD measurements showing that the core consists of
crystallites of ~1 nm in diameter. At this size scale, values of
reduced N and smaller R compared to bulk materials are
expected due to structural distortions®®*” and surface relaxation
induced by adsorbed ligands and impurities.** However, we
cannot rule out the possibility of an amorphous-like iron phase
being present in addition to polycrystalline bcc iron. For iron
nanoparticles prepared by the borohydride reduction method, it
has been noted that residual boron may form a glassy Fe—B
phase.*’ In addition, EXAFS data of amorphous iron reported
in previous studies show characteristics similar to our nZVI data
including a reduction in the Fe—Fe bond length and the
coordination number.**** Therefore, it is difficult to distinguish
the nature of polycrystalline and amorphous iron based on the
available data here. Lastly, the absence of obvious Fe—O
contributions in the EXAFS data may be interpreted as either
structural disorder in the oxide shell, in accordance with
electron microscopy observations, or the fraction of the oxide

being relatively small, below the detection limit of XAS analysis
(<10% in the present case).

Arsenic EXAFS Analysis. Figure 5 shows the arsenic K-
edge data of the reacted samples, which were k*-weighted and
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Figure 5. k’-weighted EXAFS data for As(III) equilibrated with a low
and high dose of nZVI (corresponding to the samples used in Figure
3) in (a) k-space and (b) r-space. Spectra of elemental As® and
FeAsS®! are shown for comparison. The low r-peak in (b) is due to
As—O bonds and the high r-peak is due to As—Fe contributions, as
demonstrated by comparing with the spectrum of FeAsS and the
quantitative data analysis shown in Table 1. The absence of a higher r
signal in both samples indicates a highly disordered structure beyond
the first two coordination spheres of arsenic.

Fourier transformed using a Hanning window function in the k-
range from 2 to 11 A™' at the arsenic K-edge. Reference
elemental arsenic and FeAsS data transformed in the same
conditions are shown in Figure 5 b for direct comparison.
Fitting of EXAFS data was done by constructing a theoretical
FEFF6 model for two contributions, As—O and As—Fe. Our
attempt to include an As—As contribution in the fitting was
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Figure 6. Proposed mechanism of As(III)-nZVI reactions. The process includes (1) rapid adsorption of aqueous As(III) at the oxide surface, (2)
reduction of As(III) complexes at the surface, (3) translocation of arsenic across the oxide shell accompanied by further breaking of As—O bonds,
and (4) diffusion into the Fe(0) core. Arsenic prefers to accumulate at the surface of Fe(0) forming a thin layer of Fe—As intermetallic, thus the
amount of reduced arsenic depends on the amount of nZVI used. As* denotes intermediate states between As(III) and Fe—As intermetallic.

unsuccessful. The best fit results are shown in Figure S8 and
Table 1. The passive electron reduction factor, S, was found
to be 0.932 from the fit to an As(V) reference compound
assumi% the coordination number of As—O pairs was equal to
four.*>** This S,* value was fixed and used in the fits of the
arsenic K-edge EXAFS data from the experimental samples.
The results of EXAFS analysis indicate that the steady-state
products of As(III) formed using the low and high doses of
nZVI have different structures. In the presence of a high dose of
nZVI, only one coordination shell of As—Fe bonding was
identified, and there was no contribution from an As—O shell.
This confirms that arsenic in this high dose sample was entirely
converted to the reduced state. The As—Fe bond length of 2.42
A measured in this sample is smaller than the distances in
elemental arsenic (2.50 A);** nevertheless, it agrees well with
the Fe—Fe distance in fresh nZVI (Table 1). The value of N
also matches with that of nZVI. The lack of high R structure
suggests a disordered bonding environment, which is congruent
with the nature of the Fe(0) phase deduced from the iron
EXAFS analysis. Since no As—As bond was detected, formation
of As(0) clusters embedded in the Fe(0) phase can be ruled
out. These results allow us to postulate that arsenic and iron
form an amorphous intermetallic phase.

Arsenic in the low dose nZVI sample can be satisfactorily fit
with two coordination shells. The first shell at 1.78 A
corresponds to As—O coordination. This distance is in
agreement with values reported in the literature for As(III)
species.”™** The second shell is best fit by coordination to 3.2
iron atoms. The As—Fe bond length (2.50 A) was slightly
longer than that of the final arsenic species (2.42 A) in the high
dose sample but considerably smaller than the As—Fe distance
in various iron oxide systems, such as ferrihydrite, goethite, and
lepidocrocite (varying between 2.9 to 3.4 A for bidentate
mononuclear or binuclear configurations),lz’lé suggesting
arsenic in this coordination shell interacts primarily with the
Fe(0) component.

B DISCUSSION

Implications for As(lll) Sequestration Mechanisms.
Prior investigations of As(III) sequestration with zerovalent
iron by other researchers considered that As(III) was retained

by ZVI materials mainly through surface adsorptionls’18 or via

formation of arsenic—iron coprecipitates.'”*' Reduction of
As(III) was not observed in these previous studies, except that
Bang et al. detected As(0) on an acid-treated iron coupon®” and
more recent work has identified As(0) underneath the surface
oxide layer using XPS.>>?¢ Thus, the lack of observation of
arsenite reduction in previous studies may be due to the surface
oxide layer acting as a barrier of electron transfer and material
diffusion. It is also possible that reduced arsenic species are
embedded underneath a growing ferrihydrite phase due to
ongoing Fe(0) corrosion, making them inaccessible to XPS
analysis or aqueous phase extraction. Therefore, XAS is the
technique of choice to characterize solid-bound arsenic species
within these nanoparticles.

XANES data presented herein show that, on a time scale of
22 h when using a high dose of nZVI (5 g/L), a predominant
amount of As(III) was reduced to form an Fe—As intermetallic
phase inside nZVI particles. There is no peak at a shorter
distance (1.76—1.79 A) corresponding to As—O bonds in
As(IIl)-iron oxide surface complexes.lm4 These observations
are direct evidence that the reduced As is located in the metal
phase of nZVI Although the observed arsenic—iron inter-
metallic is rarely encountered in the natural environment,
various forms of arsenic—iron compounds are found in many
engineering materials. In ferromagnetic semiconductor systems,
strong bonding between arsenic and iron is responsible for the
formation of FeAs at the interface of an iron film deposited on a
GaAs substrate.* Arsenic in these materials also exhibits
preferential segregation on the surface of iron, which agrees
with predictions based on theoretical calculations.***” Tt is
difficult to distinguish in our study whether arsenic atoms are
enriched at the surface or diffused into the bulk Fe(0) phase
because of the relatively large errors associated with N values in
the best fit results (Table 1). However, consideration of similar
systems described above would suggest arsenic enrichment at
the surface of Fe(0) to be a more favorable configuration.

Quantitative EXAFS analysis results support visual observa-
tion (Figure Sb) that the local environment around arsenic in
FeAsS is a reasonably good match to that of arsenic in the high
nZVI dose sample. Arsenic in FeAsS is surrounded by 3 iron
and 1 sulfur atoms, with As—Fe distances of 2.36—2.37 A,*
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while the arsenic in the high dose sample is coordinated to 2.8
+ 0.5 iron atoms and the As—Fe distance is 2.42 + 0.01 A
(Table 1). This implies that the sample bears a fair degree of
structural similarity to FeAsS; however, the nature of our
material (i.e., disorderliness and the absence of sulfur atoms)
precludes us from proposing a more refined model.

With a smaller dose of nZVI (2 g/L), arsenic forms a partially
reduced state between As(III) and the Fe—As intermetallic as
reflected by the position of the absorption peak in the XANES
spectrum. This is confirmed by the EXAFS data showing a shell
of As—O coordination, which was absent in the high nZVI dose
sample. The N value, despite its relatively large uncertainty, was
significantly smaller than the theoretical value of three in a pure
arsenite compound.’**® This indicates breaking of As—O
bonds during the As(III) reduction process. The second shell of
arsenic suggests As—Fe bonds at a distance slightly longer than
the fully reduced arsenic species in the high dose sample, which
may arise from increased disorder in the intermetallic phase as
the arsenic content increases. On the basis of the fittings, we
suggest that a mixture of arsenic states exists in this sample, a
fraction of which interacts with the Fe(0) phase and the rest,
constitutes of partially reduced arsenic species, coordinates with
oxygen in the oxide phase.

Based on the EXAFS fitting and time-series XANES data
from the low dose sample, we infer that the reduction process
of As(III) consists of two stages of transformation. In the first
stage (<141 min), an isosbestic point in the spectra reflects
decomposition of the original arsenic—iron-oxide surface
complexes via breaking of As—O bonds, a process likely
facilitated by nascent hydrogen produced by water reduction at
the surface of the particles. In the second stage, which
continued until a steady-state structure was obtained after 12 h,
arsenic continued to lose oxygen (reduction) and migrated into
the oxide film (diffusion). Arsenic diffusion is necessary to
account for the bonding with metallic iron observed in the
EXAFS data. Defects such as voids and structural misalignment
in the amorphous oxide layer may provide channels for arsenic
movement. The overall reaction mechanism is illustrated in
Figure 6. We note that the end-point of arsenic transformation
is affected by the amount of nZVI present, i.e., the ratio of iron
to arsenic. At a high nZVI dose (S g/L), the process ended with
a complete loss of As—O bonds (below the XAS detection limit
of 10%) and formation of a disordered Fe—As intermetallic
phase. When a smaller amount of nZVI was present (2 g/L), a
portion of the arsenic exists in a partially reduced state near the
Fe(0)/oxide interface. The difference in the final states for
different iron/arsenic ratios is an indication that arsenic may
penetrate only a limited depth into the metal phase. Therefore,
when a relatively large amount of arsenic is sequestered by
nZVI, accumulation of arsenic species in the oxide phase close
to the Fe(0) interface is expected. For nZVI particles of an
average diameter of 60 nm (assuming the oxide thickness of ca.
2.4 nm is negligible compared to the diameter of the Fe(0)
core), the dispersion number (D) of the nanoparticles, which is
defined as the ratio of Fe(0) at the surface of the metal core to
the total number of Fe(0) atoms,*” is approximately 1.4 X 107>
(details of this calculation in SI). If arsenic formed a monolayer
at the Fe(0) core surface, we would expect the ratio of the
reduced arsenic to Fe(0) in nZVI to be comparable to D.
Experimentally, this ratio for the high dose sample was 1.9 X
1072 The reasonably good agreement between the two values
supports our conclusion that arsenic tends to be enriched at the
surface of the Fe(0) core and has limited mobility diffusing into

the bulk of the core metal phase within the experimental time
frame.

Importance of Complementary Investigations Using
XPS and XAS. Prior ex situ investigations of As(IIl)-nZVI
reactions with high-resolution XPS (HR-XPS) under similar
solution conditions detected the presence of As(0), As(III),
and As(V) in nZVL* In addition, multiline XPS analysis using
the widely spaced As3d and As2p signals revealed stratified
distributions of different arsenic valence states within the near-
surface region of the nanoparticles. Specifically, As(V) was
found to exist primarily in the topmost surface layer on the
oxide shell, As(III) was distributed throughout the oxide shell,
and As(0) was embedded underneath the oxide layer at the
core/shell interface.”® Despite these insights gained by using
XPS, it was difficult to quantify the amount of arsenic in
different valence states due to their inhomogeneous distribu-
tions with depth. There is an intrinsic surface bias of XPS
signals, because photoelectrons from near the surface
experience less attenuation due to inelastic scattering and
cause higher intensities than those from deeper regions.30
Furthermore, the limited probe depth of XPS (~7 nm for As3d
photoelectrons) precludes any information from the bulk solid
phase.

Due to the high penetrating power of X-rays, with absorption
lengths on the order of micrometers, XAS probes the entire
nZVI particle. Furthermore, XAS can be performed under in
situ conditions that are not available when using XPS or
conventional extraction/dissolution analysis. Comparing results
obtained with XPS and the present study at the same iron dose
(5 g/L) and initial As(III) concentration (1.33 mM), we notice
that a reduced arsenic state in an Fe—As intermetallic phase is
the predominant species observed with XANES, while an As(0)
peak constituted only 35% of the total arsenic signal in As3d
XPS spectra. This highlights that As(III) can be nearly entirely
reduced to an Fe—As intermetallic state in the presence of
adequate nZVI. EXAFS analysis establishes that, at this iron
dose, arsenic interacts with metallic iron only, which was
inferred, but could not be unequivocally confirmed, by using
XPS. Another notable difference is the detection of oxidized
arsenic (As(V)) with XPS, which was not identified in the
XANES analysis presented here. This is attributed in part to the
inherent surface sensitivity of XPS analysis, which naturally
tends to enhance signals of surface species such as As(V) that
were found to form at the outer surface of the oxide shell.*®
However, drying of the samples necessitated by the UHV
conditions required for XPS may alter the chemistry at the
nZVI surface. Specifically, removal of the physically adsorbed
water layer on the particles during drying may increase the local
concentration of hydroxyl species and cause As(III) oxidation
to be more favorable.*
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